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Synthesis and application of functionally diverse 
2,6,9-trisubstituted purine libraries as CDK Inhibitors 
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Daniel P Sutherlin 1 , Soojin Kwon 1 , Thea C Norman 1 , Radhika Sarohia 1 , 

Maryse Leost 2 T Laurent Meijer 2 and Peter G Schultz 1 



Background: Purines constitute a structural class of protein Uganda involved In 
mediating an astonishing array of metabolic processes and signal pathways In 
all living organisms. Synthesis of purine derivatives targeting specific purine- 
bfndine proteins in vivo could lead to versatile lead compounds for use as 
biological probes or drug can did ales. 

Results: Wo synthesized several libraries of 2,6,0-trieubstituted purines using 
both solution- and solid-phase chemistry, and screened the compounds for 
inhibition of Cyclin-dspendent kinase (CDK) activity and human leukemic cell 
growth. Load compounds were optimized by iterative synthesis based on 
structure-activity relationships (SARs), as well as analysis of several 
ODK-inhibitor cocryotal ttfticturee, 10 afford several Interesting compounds 
including one of the most potent CDK inhibitors known to date. Unexpectedly, 
some compounds with similar CDK inhibitory activity arrested cellular 
proliferation at distinctly different phases of the cell cycle, and another inhibitor 
directly induced apoptosis, bypassing cell-cycle arrest Some of these 
compounds selectively inhibited growth of cells derived from specific tumors. 

Conclusions: 2,6,9-Trisubstftuted purines have various and potent biological 
activities, despite high concentrations of competing endogenous purine Uganda 
in Jiving cells. Purina libraries constitute a versatile source of small molecules 
that affect distinct biochemical pathways mediating different cellular functions. 
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Introduction 

Purines are ubiquitous molecules chat exist at relatively 
high (millimolar) concentrations in living organisms. 
Guanine and adenine, two of the most common purines, 
are essential components of nucleic acids, cofactors and 
signaling molecules that modulate protein function. 
Indeed, mote than 10% of the proteins encoded by the 
yeast genome evidently depend on a purine-contai fling 
ligand for their function (see the database search at http:// 
www.quc5t7.proteome.com) [1]. These include kinases, 
DNA (or RNA) polymerases, ATPases, GTPascs, purine 
receptors, and purine biosyntheric and metabolic enzymes. 
For this reason, diverse purine libraries might be expected 
to have a high probability of yielding bioactive compounds 
when screened in a variety of enzyme- and cell-based 
assays. It seemed likely that structural variation at the 2, 6, 
8 and 9 positions might impart specificity towards a variety 
of targec proteins. This possibility prompted us to explore 
purine libraries as a source of both drug leads and probes 
for analyzing complex cellular processes. 

We chose first to screen our purine libraries for inhibitors 
of the cyclin-dcpcndcnt kinases (CDKs) because CDK* 



have recently attracted considerable interest in light of 
their essential role in regulating the cell cycle. The 
CDKs are in turn regulated by a variety of intracellular 
signals including the binding of inhibitory factors, phos- 
phorylation and cellular localization. Previously, a 
number of purines, as well as nonpurine compounds, 
such as olomoucinc and scaurosporine have been devel- 
oped as CDK inhibitors, but they suffer from potency or 
selectivity problems, respectively (Figure 1). For 
example, purine analogs such as olomoucinc and roscovU 
tine have been shown to selectively inhibit a subset of 
the CDKs (olomoucinc has an IC M value of 7 uM against 
both CDK1 and CDK2 [2], and roscovitine has IC M 
values of 0.65 and 0.7 pM against CDKl and CDK2 [3]). 
A 2.4 A resolution X-ray crystal structure of olomoucine 
bound to CDK2 revealed chat the purine ring occupies 
the conserved ATP-binding pocket [4]. Unexpectedly, 
however, the purine ring of olomoucine is rotated nearly 
180* with respect to that of ATP- Although the interac- 
tions between the amino-acid residues in the binding site 
are different for olomoucine and ATP, the amount of 
solvent-accessible surface that becomes buried Is similar 
for the two ligands. 
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Although CDK1 and CDKZ serve different functions in 
controlling cell-cycle progression [5], die binding affinities 
of synthetic inhibitors [3] and the structures of their 
ATP-blnding pockets are nearly identical, on the basis of 
amino-acid sequence [5]. Starting with the CDK2-olo- 
moucine model, our goal is to use combinatorial chemistry 
to generate selective high-affinity inhibitors for CDK! and 
CDK2, as well as other key cellular kinases, by introducing 
substituents at the 2, 6 aod 9 positions of the purine ring. 
We and others previously reported several strategies for 
che solution- or solid-phase synthesis of purine derivatives 
16-11], and have assayed these compounds against CDKs 
to determine structure-activity relationships (SARs). Our 
previous solid-phase synthesis scheme required that one 
position of the purine ring be held invariant to allow 
attachment to the solid support (Figure 2). Two positions 
were then varied com bin a tonally in order to identify 
optimal substituents in a pairwise fashion. In general the 
effects of substituents at the 2, 6 and 9 positions on 
binding affinity appear to be additive, allowing one to 
rapidly identify potent purines by combining optimal sub- 
stituents identified from simple binary libraries. 

We describe new solid- and solution-phase syntheses of 
2,6,9-txisubstituted purine libraries that can be used to 
combine rapidly and efficiently those substituents identi- 
fied in the primary screens to afford second-generation 
libraries. Several specific and highly potent CDK2/CDK1 

Figure 2 



inhibitors have been identified from these libraries. In 
addition we characterized the cell-cycle inhibitory activi- 
ties of a number of highly potent CDK inhibitors and 
found that some compounds arrested cellular proliferation 
at distinctly different phases of the cell cycle. 

Results and discussion 
SoJM-pnaso synthesis 

We used the crystal structures of various CDK2-ligand 
complexes to design the initial binary libraries with 
respect to the steric and electronic properties of the sub- 
stituents co be introduced at the 2, 6 and 9 positions. A 
comparative analysis of the binding mode of olomoucine, 
flavopiridol (12) and stauro9porine [13] in the ATP- 
binding pocket of CDK2 provided important information 
about functional groups that could be accommodated. For 
example, comparison of che bound purines and flsvopiri- 
dol/staurosporine revealed that subsricucnts at the 2 or 9 
position of ihe purine ring might be able to occupy the 
same region of the active site as docs the JV-methyl 
piperidyl ring of flavopiridol (Figure 3c). 

Synthesis and assays of the binary libraries against CDK2 
indicated that aniline and 3- and ^substituted benzylamine 
substituents led to significant improvements when intro- 
duced at the 6 position of che purine ring. Although a variety 
of hydroxyalkylamino, dihydroxyalkylamino and cyuloalky- 
lamino substituents at the 2 position resulted in moderate 
improvements, greater improvements were achieved with 
amino alcohols derived from valine and isolcucine. In con- 
trast to many other protein kinases that can accommodate 
larger substituents at the 9 position of the purine ring, 
CDK2 binding was strongest for those purines bearing iso- 
propyl functionality, followed by ethyl or hydroxy ethyl [6]. 

Our previous synthetic routes involved tethering the purine 
core to the solid support through either a glycinamido, a 
4-aminobcnzyl amino or a 2-hydxoxyethyl group at the 2, 6 
and 9 positions, respectively. The drawback of these 
approaches Is that one potential combinatorial sice is lost. 
To circumvent this limitation a new solid-phase strategy 
and a versatile solution-phase route were developed. The 
solid-phase synthesis allows the introduction of substituents 



Precursors for binary library 
ayntheaia. 
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Figure 3 



Pu/valanol B bound to CDK2 (black sticks, 
principal conformation ortty) to eempartd with 
<s> bound olomoudne (white sticks) and . 
bound rcecovftine (orange sticks), <b) bound 
ATP (yellow sticks), (c) bound flavopndol 
(gram sticks) and (d) bound staurosponns 
(purple siicta). The comparisons a/s based on 
superposition of the atoms of COK2. The 
Uganda are shown in bsil-endrstick 
representation with carbon atoms In white, 
nfaogsn atoms in blue, cmygon aloma in red, 
phosphorous atoms m violet and the chkwlna 
atoms of purvsJanol B in Qraen. 




at the Zy 6 and 9 positions by immobilizing the purine 
through the N6 amino group. This is accomplished by 
starting with a library of resin-bound amines obtained from 
the reductive aminarion of a 5-(4-formyl-3»S-dimcihoxy- 
phenyloxy)valeric acid (BAL)-derivatized solid support 
with a collection of primary amines. By creating the resin- 
bound amines with a purine activated for substitution at 



the 6 position* combinatorial modification at the 6 position 
is achieved. Modification of the N9 and CZ positions is 
then accomplished using Micsunobu and amination chem- 
istry as described previously (Figure 4) [7J. 

The synthetic scheme outlined above required that the 
electtophiiicity of the purine ring be increased so that the 
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first amination reaction at die 6 pas i don of the purine couid 
be performed with weakly nucleophilvc and a-branched 
amines. In order co facilitate the abilicy of a secondary 
amine co displace the 6-chloro group, we acylated die N9 
position, which is expected to increase che overall clcc- 
trophilicity of the purine ring. Unfortunately, the resulting 
activaccd amido group is more susceptible co nucleophilic 
attack than the 6-chloro group in the subsequent aminacton 
reaction- Another group that activates the 6 position of che 
purine ring without itself being susceptible to nucleophilic 
displacement is a N9-subsucutcd tetrahydropyranyl (THP) 
aminaL Unfortunately, the acid lability of most commer- 
cially available solid supports made ic difficult co cleave the 
THP group selectively without the concomitant release of 
the purine core. We therefore turned our attention to an 
N9-trimethyIsilylcthoxymethyl (SBM) activating group 



that is stable to amino nuclcophiles and can be cleaved 
using fluoride under nonacidic conditions. The N9-SEM-2- 
fluorr>6-chloro purine 1 (Figure 5) was prepared (in 50% 
yield) by alkylatlon of 2-fluoro-6-chloropurine [71, with 
SEM-Cl In the presence of Hurtfg's base. This substitution 
significandy increased the reactivity of the ring system to 
aminariorw allowing an amination reaction with benzy- 
laminc to proceed ac room temperature (which hod previ- 
ously required extended heating at 50"C). 

The optimized scheme scans with the reductive amination 
of BAL-derivatized 4-methylbenzhydrylarnine (MBHA) 
resin to give resin bound amine, R2 [7J. A variety of amines 
including alkylamines, .benzylamincs and anilines were 
used in this first step. The purine core is then loaded onto 
solid support by reacting 2 equivalents of 1 with the amine- 
derivadzed solid support R2 at 50 P C to give R3. The 
removal of the SEM protecting group was performed using 
0.25 M tetrabutylammonium fluoride in THF at 60*C The 
deprotected purine was then reacted with various alcohols 
and amines at the 9 and 2 positions using Micsunobu and 
nudcophUic-substitution chemistry respectively, as is 
shown for 2-(3-hydroxypropylamino)-6-(4-mechoxYbcnzyl- 
amino)-9-isopropylpuruie (209; Figure 5). 

Although we have used this solid-phase chemistry to 
prepare a variety of 2,6,9-crisubsututed purines, there are 
two limitations to this approach. First, secondary amines 
cannot be introduced at the 6 position because one nitro- 
gen substiruent is required co attach the amine to solid 
support. More significantly, amination at the 2 position 
with bulky groups proceeded in low yield, perhaps due to 



Figures 




Representative sehaiae for aolid-phaee 
chemistry. 0) SEM-Cl (1.2 eq), DIEA, DMF. 
0*C -» ru (II) p-moUwuybenzyleniina, 
Na6H(OAc) v AcOH <2%X DMIr, rt Uil) DEA, 
nBuDH-DMSO (l :1) 60*C. Ov) TBAP 
(0.25 M), THP, 60°C. <v) iPrOM (0.5 M). DJAD 
«X6 M), PPrb (1 ,0 M)j "THF-CKjC^ (in*. 
(W) 3-amlno-1 -propane* DIEA, A^naihyl- 
pyrronaTncne. 1 1 0*0. (vD) TFA-vrater (06:3), rt 
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Figure 6 
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the decreased reactivity of purines attached 10 solid 
support. To overcome these limitations, we developed two 
versatile solution-phase synthetic routes to diverse cri sub- 
stituted purines. 

Solution-phase synthesis 

In route I (Figure 6), 2-arnino-o-chloropurine was func- 
donalized sequentially at the 9, 2 and 6 positions. Sub- 
stituents at N9 were introduced by regiosclccrivc 
fllkyladon with a primary or secondary alcohol under Mit- 
sunobu conditions [14]. In order to render the 2 position 
sufficiently acidic to undergo Mitsunobu alkylarJon, ic was 
first acylated with trifluoroacetic anhydride. The trifluo- 
roaeetyl group is conveniently removed by hydrolysis with 
aqueous potassium carbonate prior to purification of the 
alkylated product by chromatography. Finally, a variety of 
primary and secondary bcnzylamines or anilines arc intro- 
duced at the 6 position by reacting 3 with 1-2 equivalents 
of amine in a-butanol at elevated temperatures (Figure 7) 
(primary amines require 60°C whereas secondary amines 
and anilines require HO-120'C) . 

Figure 7 



In route II (Figure 6), 2-fluoro-o-chloropurine was func- 
tionalfeed sequen dally at the 9, 6 and 2 positions. As 
before, substirucnts at N9 position were introduced by 
Mitsunobu alleviation with either primary or secondary 
alcohols. This alkylation reaction tolerates virtually any 
alcohol without additional acidic hydrogens (pKa < 10-12). 
The more elcctrophiJic 6-chloro subsrirucnt was selec- 
tively substituted with one equivalent of a benzylamine or 
aniline in analogy to route I. The resulting 2-fluoro- 
6,9-disubsrituted purines were purified either by chro- 
matography oh sibca or if solubility permitted, by 
trituration with dichloromethanc and 0.1 N aqueous 
hydrochloric acid. Finally^ the 2-ftuoro posidon was ami- 
nated using an excess of primary or secondary amines in a 
small volume of /j-butano! typically in a sealed cube 
(Figure 8)- Representative procedures for two members of 
a purine Library, 42 (synthesized by route I) and 60 (syn- 
thesized by route ID. are shown in Figure 7 and 8. 

COKl/CycUn B Inhibition assay 

Due to the limited information available concerning the 
N9 position SARs, we prepared a library to focus on this 
site. Libraries of 2-fluoro^4-ajnmobeniylamino)-9- 
aikyl purines were synthesized using a 4-aminobcnzyl- 
amino linkage strategy on resin-dcrivatuced pins (Figure 2) 
[7]. In order to allow direct comparison of the efficacy of a 
range of substJtuents at the N9 posidon, a portion of the 
library was cleaved prior to animation at the Z posidon. As 
can be seen from the assay results, optimal COK2 
inhibitory activity is observed for small aJkyl groups with 
isopropyl exhibiting enhanced activity reladve to ethyl, 
methyl and cyclopentyl (Figure 9). A similar result was 
obtained with another, series of purines substituted with 
(2iU'pyrro1idin-2-yl-mcthanol at the C2 position [15]. 

To further enhance the CDK affinity of purine derivatives 
identified in previous screens of first-generation purine 
libraries, the synthetic methods described above were iter- 
acively applied to the 2, 6 and 9 positions, and compounds 
were tested for activity against starfish oocyte CDKl/cyclin 
B [3]> Based on the improved activities of a 9 posidon iso- 
propyl over methyl, and aniline over the benzyl group of 
olomoudne, we first derivatized the 9 position with an iso- 
propyl subsequent and tested various aniline substituents 
at the 6 position (Figure 10). Among the 2,3,4-subsdtutcd 
anilines, the 3-chloroanilinc derivative 52 is the best CDK 



RapreaorrtBtiva eeherne I for solution chemistry. 
(0 iPrOH CZO ettf. DEAD (1.1 eq). PR*, 
(2.0 «q),THF, -1 0 -> 25°C (IT) (CF 3 CO) a O, 

CH^ct 0 -» 25°a on) tbdmsoch 2 ch 2 oh 

(2.0 eq). DEAD (1 .0 eq), PPh 3 (2.0 eq). THF, 
0 2S*C. Then K*CO v MeOH. Ov) aniline 
(4.0 eoj. D1EA, nBuOH, 1 1 0*0. Then AcOH- 
HaO-THFOcUl)- 
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Figure 8 




Representative schema for solution chemistry II. (D iPrOH (1 .2 oq), 
DEAD (1 -3 eq). PPh, (1 .6 eq), THF -l 0 -> 25°C. 00 3-oNoroaniine 
(1 .0 eq), OIEA» nBuOH, 1 40 C CX Ott) W-W-^amino^rothyM -butanol 
(1 & eq). OIEA. nBuOH. 1 50-1 70»C in saated tuba. Qv) MeJ (2 eq), 
NaH, DMF. rt. (v) Boe^Q DIEA, DMAP, THF, rt <vi) t/tf -H^amino- 
3-itieth>t-1-butBnol (1.2 eq), DlEA. DMSO, 70-aO°C. (vlO TBDM3-CI, 
imidazole. DMAP, THF. rL (via) BnBr. Bu,NI, NaH, DMF. Then pTSA, 
MeOH-CHgGI^ rL 



inhibitor, showing a 30-fold improvement over olo- 
moucine (with an JCjo value of 220 nM). The 3-bromo, 
fluoro and trifluorornethyl groups exhibited comparable 



activities* whereas the same ^substituted purines arc 
tenfold less active. 

Next, we explored variations at the 2 position with the 6 
position dcrivatized with cither 4-methoxybenzy lamina, 
the best among the benzyl substicuencs or 3-chloroaniline, 
chosen from the first-round solution-phase synthesis 
(Figure 11), Many compounds that have moderate activity 
(100-lGOOnM) were found in this series. In general, we 
observed a preference for hydroxyalkyl or dihydroxyalkyl 
groups at the 2 position. An eightfold improvement in the 
1C 50 value, however, was obtained by replacing the 2 posi- 
tion hydroxyethylaroino (52) with rt-valinol attached via 
the a-amino group (60, named purvalanol A). In agree- 
ment with other reports 13], compounds with the ^-stereo- 
chemistry were 2-16-fold more potent than chose with the 
JT-sterec chemistry (75 versus 76, 60 versus 58, 66 versus 59 
and 69 versus 69). Although most of the cyclic secondary 
amines were in general not preferred at 2 position, 
2-hydroxyethylpiperidyl (10) improved the inhibitory 
activity threefold over hydroxyerhy) (118). 

In the third round, we fixed the 2 position with the 
Jt-valinol subscitucnt, and rcfocused attention to the 
6 posidon with a variety of benzylamine and aniline 
groups (Figure 12). This resulted in a set of the most 
active small-molecule CDK Inhibitors' known to date. The 
halogens on the 3 and 4 positions significantly improved 
the activity, and both the activity and solubility were 
enhanced with an additional carboxylate or amino group. 

In parallel with the third round, wc also fixed the 2 posi- 
don with 2-(2-hydroxyethyI)ptperidy] substitucnt and 
derivadzed the 6 position with various benzylamine and 
aniline substituents (Figure 13). Simple aniline (220) or 
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benzylamine (212) substiruencs proved co be slighdy 
better than 4-rncthoxybeniylaminc (10). Although 4-sub- 
sticuted benzylamine was tolerated (216), 3 -substituted 
benzylamine (113, 222) decreased die activity signifi- 
cantly. Linear alkyl substicuencs (219), bulky substituents 
(225. 226, 227) and substituted anilines (359, 306) also 
decreased die activity. 

During these rounds of optimization, we relied on the 
approximate additivity of substituents. The observed addi- 
tivity allowed ua to more efficiently assess greater numbers 
of substituents at a single site, thereby enhancing our 
ability co explore each of the binding sires without having 
to make all combinatorial possibilities. In this format, eval- 
uation of 10 substituents at each site requires three sets of 
10 compounds rather than one sec of 1000. The simplest 
explanation for the observed additivity is that the rigid 
purine scaffold prevents substituents at the 2. 6 and 9 posi- 
tions from binding in overlapping regions of the active sice. 

One of our most potent inhibitors, purvalanol B (95; 
Figure 12), was cocrystalized with CDK2 (Figure 14) [16], 
and the structure was compared with the structures of 
CDK2-flavopiridol, CDK2-staurosporine and CDK2- 
ATP (Figure 3). Purvalanol B occupied 86% of the avail- 
able space in the binding pocket of CDK2, whereas 
flavopiridol occupied 74%, ATP occupied 78% and olo- 
moucine occupied 76%. 

Another of the most potent inhibitors, aminopurvalanol (97; 
Figure 12) was tested for its activity against a variety of 
kinases (Table 1). As expected, aminopurvalanol had 
almost the same activity against CDKl as CDK2, with IC50 
values ranging from 28-33 nM. Among the enzymes rested, 
only CDK5/p35 was inhibited to the same extent as CDKl/ 
GDK2, whereas Other kinases exhibited much weaker inhi- 
bition by 97, The high degree of specificity observed for 97 
is similar to chat observed for purvalanol A and B [161* 

The crystal structures of CDK2 with purvalanol 8, ATP, 
flavopiridol or staurosporine suggested that additional con- 
tacts could be introduced by appending an extra group at 



the NZ position of purvalanol B (Figure 14), We therefore 
attempted to synthesize N2-disubstitutcd derivatives of 60 
by ami nation of 2-fluoro-6-<3-chloroanilino)-9-isopropyl- 
purine (5) with JV-alkyl valinol derivatives. Several JV-alkyl 
valinol derivatives were synthesized by reductive alkylation 
of valinol with a variety of alkyli aromatic and heteroaro* 
matic aldehydes using sodium triacctoxyborohydride in 
1,2-dichloreechane. Unfortunately, these branched sec- 
ondary amines could noc be installed at the 2 position, pre- 
sumably due to their stcric bulkiness. Attempts to activate 
the 2-fluoro group by introducing an electron withdrawing 
/S^-butoxycarbonyl (Boc) group at the 6-posirion also railed 
to promote nucleophilic substitution. Finally, the O-sUyl 
and 6-N-Boc protected derivative, 9, was successfully alky- 
lated using sodium hydride, alkyl hatidoand tecrabutylam- 
monium iodide in dimethylrormamide (Figure 8). The 
desired compounds were obtained by removing the protect- 
ing groups and tested against CDKl/cydin B. Unexpect- 
edly, this class of compounds showed substantially reduced 
activity (with an IC W value between 5 and 10 uM; Figure 
15). This is noc simply a consequence of diaubsricution at 
the 2 position because Z-bishydroxycthyl derivatives such 
as 16, 26, 211, 303, 304 and 305 (IC^ 220-350 nM) show 
comparable activity co their parent hydroxycthyl derivatives 
118 (ICso 700 nM), and 52 (IC50 220 nM; Figure 11). 
Potentially the combination of the stcrically hindered 
^-valinol with additional substitution at the 2 position may 
prevent the inhibitors from accessing a productive binding 
conformation. Alternatively, the hydrophobic Af-alkyl 
valinol derivatives chat we introduced at the 2 position 
might have been poorly suited to the binding site. 

For many of the biological applications described in the 
next section, we wanted access to a collection of negative 
control compounds that were structurally very similar to 
our potent inhibitors but lacked CDK inhibitory activity. 
We could then use these inactive derivatives to test if an 
observed to vivo effect is correlated with in vitro CDK 
activity. From the cocrystal structure of purvalanol B with 
CDK2 it was apparent chat addition of a methyl group to 
N6 should lead to significantly reduced CDK inhibitory 
activity due to stcric hindrance and the loss of a hydrogen 
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SAR cJa^a 2. Various C2-substituanl* On a 
6-(4*n»ethoxybenzylamJno)- or a 
6-(3^hbruanffinoV9-lsopropjl^rfiie rare. 



bond to Leu83 (Figure 14). Wc synthesized No-methy- 
lated derivatives of four of our most potent CDK 
inhibitors (S2, 60, 97 and 212: Figure 8). As expected, 
these compounds (52Me, 60Mc 97Me and 2lZMc) are 
completely Inactive as CDKl/cyclin B inhibitors in vitro. 



t and coll cycJo studios 

We investigated the biological activity of the most potent 
CDK inhibitors from each SAR class by testing their ability 



co inhibit growth of human leukemic cells. Cell pop- 
ulations were created with the various compounds, and 
then assayed for the percentage decrease in the number of 
viable cells, using the 3-(4,5-dimcxhyith)azole-2~yl)-2,5- 
diphcnyl-2H-tctrazoLium bromide (MTT) assay [17). The 
most potent CDK inhibitors in SAR classes 2 and 3 
(Figures 1 1 and 12), compounds 60 and 97, were also found 
co be active inhibitors of cell growth (with IC W values of 
7.5 and 5 llM, respectivelyX The significant increase in the 
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Figure 12 



SAR ckssa. Verio ua CS-wtetiUienta pn a 
2-(1 Waopropy^a-hydroxyathylamino)- 
9noopropylpurine oora 



a CI CI COOH 01 

y Jr j$r jx jor ^ 



60 

35 nM 

Chon^vyABatoav 



94 



J* 73 036 



nM 



cell-based IC^ values relative to the in vitro ICg, values is 
presumably a resulc of compecicion with high concentra- 
tions of intracellular ATP (estimated to be in the millimo- 
lar range)* Indeed when the kinase assay concentration of 
ATP was increased from IS \iM to 1.5 raM, the IC W value 
for compound 60 increased (as expected) from 4 nM to 
500 nM [16]. Compounds 94 and 95 were equally active in 
chc kinase assay but inactive in vrvo % probably due to the 
decreased cell permeability resulting from the negatively 
charged carboxylate group. From SAR class 4 (Figure 13), 
212 is both a potent inhibitor of CDK activity and of cell 
growth (lCa, - 2.5 uM). 

To study chc specific effects of different purine derivatives 
on cell-cycle progression, unsynchronbscd proliferating 
U937 cells were treated with compounds 6Q\ 97, 212 and 52. 
Treated cells were then subjected co cell-cycle analysis 
using flow cytometry and to morphological analysis using 
fluorescence microscopy. For flow cytometry, unsynchro- 
nized cell populations were labeled with propidium iodide 
(PI), a fluorescent DNA intercalatcr, and for che TUNEL 
assay, with a market of DNA fragmentation that is charac- 
teristic of a pop cos is. For morphological analysis, cells were 
labeled with Hoescht 33258, a DNA-spedfk dye, and with 
an anricubulin antibody that could be visualized using a 
FITC-conjugatcd secondary antibody. Using dose- response 
and time-course assays, differences in the effects of the 
compounds due to variations in compound permeability or 
the kinetics of the cellular response were investigated. 



Initially, U937 cell populations were examined after treat- 
ment with 97 or 60, the most potent and bioaerive CDK 
inhibitors. By flow cytometry, treatment of cells with 97 or 
60 at dosea lower than 10 pM specifically arrested cells in 
the G2-M phase of the celJ cycle, based on the accumula- 
tion of cells with a 4 N DNA content, and che absence of 
DNA fragmentation (Figure 16). At higher concentrations 
(£ 20 UM), however, both 97 and 60 triggered apoptosis 
after 8 h treatments, as detected with the TUNEL assay 
and confirmed by the appearance of nuclcosomc-sizcd 
DNA ladders as assessed by elcctophorcsis (data not 
shown). The only apparent difference between the effects 
conferred by 60 or 97 to proliferating U937 cells related to 
their specific activity: 97 was four times more active than 
60 in inducing a G2-M cell-cycle arrest (with IC M values 
of 1.25 uM and 5 nM, respectively). The effect of 97 and 
60 on microtubule architecture and on chromatin conden- 
sation were consistent with G2 cell-cycle arrest, based on 
the low percentage of mitotic cells (< S%) seen in the 
treated populations. Because entry into mitosis depends 
on CDKJ/CDK2 activity [18], inhibition of the G2-M 
phase transition was the expected result, based on the 
high activity of the compounds against CDK in vitro. 
Indeed, cells treated with either compound displayed 
fibrous microtubule organization, decondensed chromatin 
and intact nuclear architecture characteristic of interphase 
cells. Nevertheless, consistent with cencrosome duplica- 
tion occurring independently of CDKl activity [19], a sig- 
nificant fraction of cells possessed two distinct 
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Binding ale structure of CDK2-93 

(purvaJanol B). ' 




microtubule arrays nucleated by discernible microtubule- 
organizing centers (Figure 17). In the presence of 9fr, 
these duplicated microtubule-organizing centers nucle- 
ated long microtubules characteristic of interphase cells. 
In the presence of 60, some of the microtubule arrays 
appeared shorter and more polarized, reminiscent of half 
spindles without attached chromosomes. Based on these 
results, the effects of compounds 60 and 97 on proliferat- 
ing U937 cells appeared consistent with their specific 
CDK1/CDK2 inhibitory activity. 

The GDK inhibitory activity of compounds 60 and 97 
was significantly different from that of 52, the most 



Table 1 
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potent CDK1 inhibitor from SAR class 1 (Figure 10)* By 
flow cytometry, 52 affected cell-cycle progression at con- 
centrations of 25 uM or greater. Unlike cells treated with 
60 or 97, however, cells treated with a comparable con- 
Generation of 52 did not become apoptoric (Figure 16b) 
and did not exhibit the characteristic accumulation of 
cells with a 4 N DNA content indicative of a G2 arrest. 
Instead, 52-treated cell populations displayed a repro- 
ducible depiction of the late*S/carly-G2 cell population 
(Figure 16a). Morphologically, more than 20% of the cell 
population treated with 52 had bipolar microtubule spin* 
dies and condensed chromosomes, compared with less 
than 5% in control cell populations. This indicates that 
treatment of U937 cells with 52 causes arrest at mitosis. 
Interestingly, all of the 52-arrcstcd, mitotic cells were in 
mctaphase* as judged by the presence of two centre- 
somes, which nucleated polarized microtubules that were 
oriented towards each other* and fully condensed chro- 
mosomes aligned at the equator. Given the structural 
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Figure 10 



Row cytometric analysis or (a) call-cycle 
distribution end (b) apoptoaie in U837 call 
popiiatione treated with different CDK 
inhibitors end thair inactive, Na-methylatod 
analogs. For each experiment, ceUe were 
treated for O, 2, 4, B or B h, with fcnoreasing 
concentrations of compounds, Ptote represent 
the moat epooHio effect of each compound, as 
determined with the dose-response and time- 
ceuree sesaya. For all the experiments, eels 
were co-labeted with Fl to etein the DNA, and 
with the TUNEL assay, to incorporate FTTO 
labeled nucleotide? onle the ends of DNA 
fragments resulting from the apoptotte 

process- (b) Plola showing tha distribution of 
cette with dtfTerem DNA contents, after 9 h 
treatznentwith5|iMd7 or 97Ma\ 10 J1M60 
or GOMa, 60 pM 52 or 32 Me or 5 uM 212 or 
212Mo. Bare indicate approximate DNA 
contents of cells with a 2N CD), intermediate 
(E) and 4N (F) DNA content, characteristic of 
cells in G1 , S or G2-M phases of the cell 
cycle, respectively. DNA distribution ol 
untreated cell populations are similar to those 
treated with the inactive, Nfrtfiethytated 
derivatives, (b) Bvariate plate of FfTC versus 
PI staining of the same eel populations as in 
(a). Note that 21 2 is the only compound that 
nonspecfftc&lly Induces apoptosis throughout 
the cell cycte without changing the cafi-cyda 
tfistribuUon of the treated cell population. 
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similarity between compounds S2 and 60, we were sur- 
prised by their different effects on cells. 

The effect of 212, one of the most potent CDK inhibitors 
from SAR class 4 (Figure 13), on proliferating U937 cell 
populations was also different from that of 52, 60 or 97. 
Flow cytometric analysis revealed that compound 212 was 
a nonspecific inducer of apoptosis ac concentrations as 
low as 5 }iM: ic tri gg ered DNA fragmentation at all phases 
of the cell cycle, without affecting cell-cycle progression 
(Figure 16). With the TUNEL assay, the effect of 212 
could be observed at concentrations as low as 2,5 uM, 
making this compound one of the most potent inducers of 
apoprosis in the library. The Induction of apoptosis was 
confirmed by the cicctrophoretic demonstration of nucle- 
osome-sized DNA from the 212-created cells (data not 
shown). Morphologically, cells created with 212 exhibited 
characteristic apoptotic features, such as condensed 
DNA, fragmented nuclei and little microtubule staining 



(Figure 17)* By phase-contrast microscopy, cellular frag- 
mentation was also apparent (data not shown). 

As controls, the N6-mechylatcd derivatives of 52, 60, 97 and 
212 were tested side- by-side with the respective active non- 
methylated compounds. At the same concentrations as the 
active analogs, none of the control compounds induced the 
cell-cycle effects, apoptosis, nor the abnormal microtubule 
features (Figures 16,17). It appears, therefore, that although 
closely related purine derivatives had different effects 
when tested on cultured cells, the effects of the compounds 
on cell-cycle progression were specifically related to their 
chemical structure and their CDK-inhibicory activity. Previ- 
ously, treatment of cells with olomoucine or roscovirJne had 
been reported to lead to a Gl/S and G2/M cell cycle arrest 
by a single mechanism [12,20,21]. In contrast, the different 
effects of these more potent and specific CDK inhibitors 
indicates a broader spectrum of activity. It remains go be 
determined whether the selectivity of different purines is 
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Morphological analysis of U037 calls treated 
with different COK inhibitor* end thsir inactive, 
N6-methylated analogs. For these experiments* 
cafa vrart trdalad wrfth the Ofiloctftd 
compounds tar 6 h, Cola ware then stained 
whh fluorescein antitiibufa 
mrujneoyloehamistry to label the microtubule* 
(grten) and with thd DN^Spftdftc dye 

Hoeecht 93298 to label the chromatin (blue). 
Samples ware analyzed under the 
fluftreecance microscope, (irate show the 
representative morphology of ceto possessing 
dupGcatnd microtubule Oitianirinn, centers. In 
60 and 97, arrow* indicate the abnormal* 
hterdhafie-Ckfi microtubule arrays nucleated 
from these duplicated micretubub 
centers. Note thai the chromatin remain* 
deoondensed in these cells. Unlabeled ceto 
are those with taerphasic microtubule arrays 
and decondeneod ehramaiin. M eels with 
miliotic bipolar spindles and condensed 
chromosomes* A, cells with apoptatic iaatutes 
such as condensed cr fragmented nuclei 
accompanied by Utile microtubule staining. 



relaxed CO the specific molecular mechanism of cell-cycle 
deregulation accompanying cellular cransfor macion. 

Cell-type satedivtty study 

Because different tumors are characterized by genetic 
defects affecting different cell-cycle regulatory pathways, it 
has been hypothesized that compounds that act upon a spe- 
cific pathway might be able to selectively inhibit growth of 
a particular rumor. Given die multiplicity of cell-cycle 
inhibitory acriviries exhibited by the purine inhibitors 
described, it seemed plausible chat different purines would 
show selective growth-inhibitory acriviry against different 
tumor cell lines. Several active purines (GO, 75, 95. 97 and 

Table* 
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ZIZ) were therefore selected for testing against the National 
Cancer Institute (NCI) panel of 60 cancer cell lines derived 
from different tumors. Cell growth inhibitory and cytotoxic 
activities of the compounds were found In the micromotor 
to nanomolar range. Although 75 and 212 were less selec- 
tive to different cell types, 60 and 97 showed significant 
selectivity to KM 12 colon cancer cells (Table 2). Com- 
pound 95 did not show significant cytotoxicity in these cell 
linea, presumably due to its decreased cell permeability. 

Significance 

Purine Egand* are bound by a tremendous variety of 
enzymes in living organisms. Synthetic purine derivatives 
with diverse substituents may have the ahflhy to bind 
selectively to one class of ptiruie-recogniang enzymes. We 
synthesized several hundred 2,6^trisub8timted purine 
derivatives using solid- and solution-phase chemistry and 
screened them for inhibition of eyoiln^lependent kinase 
(CDKlVcyoHn B. In addition id finding several highly spe- 
cific and potent CDK uihibitars, we identified several com- 
pounds that elicited significantly different effects when 
tested in Bving ceHa. Compounds 60 (purveianol A) and 97 
(atninopurvalanol) arrest the cell cycle specifically in the 
G2 phase and induced morphological features- consistent 
with their observed CDK1/CDK2 inhibitory activity. In 
contrast, cornpound 52, a moderate CDK inhibitor, 
induced M- phase arrest, and compound 212, also an active 
CDK inhibitor, induced apoptosis independent of cell-cycle 
phase. This broad spectrum of biological activities suggests 
that different purines might selectively act on different bio- 
chemical pathways affecting ceu-cyote progression* 
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The degree of specificity exhibited by some of these 
purines, in terms of their ability to inhibit the oell-division 
cycle at different stages, is quite remarkable. Indeed, both 
structure-activity relationship (SAR) studies and die 
complete inactivity of the iV-methylated analogs indicate 
that the effects of die different compounds are closely 
related to their chemical structures and to their CDK 
inhibitory activity. One possible interpretation of how 
similar CDK inhibitors display different cell-cycle 
inhibitory activities is that they are inhibiting different 
kinases in vivo* Alternatively, they might he mhmhing dif- 
ferent activities of the same CDK* complexed whh spe- 
cific cycuns conferring different substrate specificities. 

Materials and methods 

Representative solution phase synthesis 

2-Amino^-ctifoto-Q-iSiOpropyipurinc 0a). Anhydrous THP (120 ml) 
was added to a flame-dried flask under lulrooen containing 2-amino-6- 
chbrcpunns (2*0 g, 11 .6 mmol) and trlphenylphcsphine (6.2 g, 
23.6 mmoO, To 0w was added 2-propanol (1.4ml, 23.6rnrnoI), after 
which the solution was stirred and coded to -10°C using en ethylene- 
glycol/diy-ice bath. Following the dropwisa addition of deihyj azodlcar- 
borate (2.0 mL 13.0 mmoO. ins mixture was gradually warmed to rt 
After 24 k the section waa ojuanchad with 2-propanol (1 .5 ml) and the 
solvent was removed in vacuo. The resulting yenow/whiia gum was 
purified by column chromatography (1000 ml SiO^. eluted sequtimlaJy 
with 09:1 and than 08:2 CH a Cl a :MeOH) to afford 2.9 g of 2s as a col- 
orless foam (this product was contaminated with triphenyiphosphine 
oxide and the diethyl hydraar^N.N'^k^rboxylate outer byproducia). 
The crude product was trifluoroaeatylaied without further purification. 
An anatyticaJ sample was prepared using preparative thin-layer chro- 
matography (TLC; 1.0 mm thickness, developed with 99:6 
C^ a CL*/roOH). Rf 0.35 (CH 2 CtMeOH 96:6); "H NMR (400 MHz, 
CDCI J 6 1 .58 (d, 6H» 6.8 Hi). 4.70 (espc 1 H. 6.8 Hz). 9.29 (br a, 2H), 
7.85 fe, 1HJ; iSQ NMR (101 MHz. COCy 6 22.3, 47.1, 125.6. 140.0, 
161.1, 163L4, 169.9; mass spectrum (FAB*) m/e 212 (MH*); HRMS 
calc'd for (CftH^NiCOrr-- 21 2 070o\ found: 21 2.0703. 

5-™LK>rOOcStem/no-6-cA/6^ fiW- 2-Arnino-6.chlon> 

9^8opropyipuHne (3-11 g, 14»7mmoQ was dissolved in oTaMed CHjjCLj 
(29 mO and the resulting solution cooled to Q*C Trrfiuoroaeetie anhydride 
(e^rri 44mmd) was added dropwtea. The reaction rnature was 
wanned to rt ovsr 3 K concenirated in vacua and dried further under high 
vacuum. The crude product was purified by chromatography (GOO ml 
SO* eJuted with 20:80 BOWOH&J to yield 4.0 g of 2b (88%). Rf 
0.41 (CH a Oa*teOH 05:5); 1 H NMR (400 MHz. CDCy 8 1.89 (d, 8H, 
8.9 Hz), 4.92 (sept, 1H, 6.B Hz), &S9 (a. 1H), 10.20 (a, 1H). 

($). Trinuon>acalamkto 2b (4.B2g, 14.7 mmol). 2-terrtxrtylcfimethylfilyt- 
ozyathanol (6.1 8 g. 29.4 mmoO and tripherwiphoaphine (7.71 & 
29^mmof) were diaaaJved in freshly dialilled THF (600 mO. The reaction 
mixture was stirred and cooled to O^C and diethyl azc*ilcarbo*ylate 
(2.31 mi, 14.7 mmoQ was added dropwise over 5 mm. The reaction 
mbeture was warmed to rt. stirred for i2h. and ocncemrated in vstvo 1o 
yield a yetow oiL Thia crude reaction mixture waa redtssotved in methanol 
(50 ml) and combkisd with an aqueous solution of potassium carbonate 
(16 mL 1.0 M). The hydrolysis was complete within 1 h as judged by the 
disappearance of the trifliicfescstarruds (Rf 0.74 BOAoAexane 76:26) 
by TLC The resulting while slurry was partitioned between ethyl acetate 
and water 000 ml of each) end the organic layer collected, dried over 
eodium sdfel* and concentrated fn vacuo. The resulting oil was purified 
by column chmmatop/aphy (1000 ml SiO* elutad with ElOAojTJHaOj 
545) to yield 3.0 Q of 3 (65%). Rf 028 QBOAchaxane 1:1); 'H NMR 
(600MHz. COCy 3 0JD8 (a, OH). 0,00 (s. 9H), 1-57 (d, 6H, 8.8 Hz), 



9*7 (q, 2H, 6.6 Hz), 3.80 (t. 2H, 5.6 Hz). 4.99 (sept, 1K 6.8 Hz), 6.49 
(be, 1H), 7.78 (a. 1H): ,a C NMR (1 26 MHz, CDCU 6 -4,8, 21-1, 24fl, 

26.0, 435. 47.2, 60.Z 123w1. 139.7, 149.8. 162.7. 16&6; mass spec- 
trum for C^HaaNflOOS (FAB*> m/e 371 (MH*). 

2-f>*f>ctair>tftrty;to^ Compound 
3 (24 mg, O.OOmmoO, aniline (24 ui, 0,28 mmoO and ofeoprepyteuV 
lanwie (46 uJ, 0.26 mmol) were dissolvdd in nBuOH (1.6 ml). The reac- 
tion mbrhJra was stirred at 90*C for 1 2 h and than concantratod in 
vacuo. The crude product wbb Dissolved In a mixture of THF (200 uU, 
water (200 uj) and acstic acid (600 uQ. The reaction mature waa stirred 
st rt for 12 h, concentrated <h vacuo and azootroped 3 x with methanol 
(9 ml x 3). The crude product was purified by proparative TLC (2 ptatea 

1.0 mm thickness, developed twice whh 60:40 EtOAc^hsxans) to yield 
16\4mg (91 «W of 42 as an oil. 1 H NMR (400 MHz, COC!*): 6 1.62 (d, 
GH. 6.8 Hz), 3^9-3.63 (m. 2H), aB4-3-B7 (n\ 2H). 4 JS 7-4.65 (m. 
1H) ( 6£1-Bl53 (m, 1H) f 7.03-7^)7 (m. 1H). 7J!7-7J33 (m, 2H)i 7« 

1 H). 7.76-7.77 (m, 2H). at B (o, 1H); ia C NMR (126 MHz, CDCIJ S 
224 46.1. 46^, 83.9. 114,8, 120.2. 123j0. 12&7, 136,0, 139.1. 
150.5. 152 A 160.6; maea spectrum (FAB*) m/e 313 (MH*"); HRMS 
cate'd for (Ct^H^CQH 4 : 3iai 777. found: 31 0.1 779. 

2 -Ruorcr6^k>ro^soprvpytpufin 9 f*4). Anhydrous THF (80 mO was 
added under nitrogen to a flame-dried Cask corrtatnrtg 2-fiuoro-6- 
chteropurine (a90g, 6,2mmoO and triphenylphoBphirie (3.0 g, 
10.4 mmol). To this was added 2-prepanol (800 uJ, lO^mrnoQ, after 
which the sofution was cooled to -1o*C. Following the dropwiao addi- 
tion of ciathyi azeoloan^rylata (660 ui, 10.4 mmoO, the mudure waa 
weimsd gradually to rt After 12 h. the raaction waa quenched with water 
(600 al) and the solvent removed in vacuo. The resulting yalow oH wbb 
purified by column chromalcgrsphy (BOO ml SrO* skrtsd with 1009b 
CHaOj), The resulting soCd was triturated with methanol (to remove the 
diethyl hydrazWMA/'-o^carbozytate ©star byproducts) to yield 630 mg 
(67 %) of 4 as a white erystaline sofd. Rf 0.64 (MeOhW>i i C3 a 10:90); 
J H NMR (600 MHz, COCy; 5 1.66 (d, 8H, J = 6^ Hz), 435 (sept, 1H. 
6.B Hz), 8.16 (a, 1H): ,a C NMR (126 MHz, CQC& 5 22.3, 4&4, 130.6. 
143.7, 152J3, 163.1, 166.9 Dr> F ~870Hz); mass specinim (El*) m/e 
214 (Mi; anal csJc'd for C H H 9 N 4 FQ: C, 44.77: H, 3.78: K 26.10; Cl. 
1 6.62. Found: C. 44.97; H. 3.76; N. 26.09; O 1 6^57. 

2-f s kjwo^(3<hhtoanItinQ)'MQQpropytpvrin9 (51- A mature of 4 
(3.76 g, 17^ mmol), 3-chloreaniina (1.86 ml. 17^rnmoO and dusO- 
propylaffiylamins (3.06 ml, 17.6mmoQ were diaaohred in n-butanol in a 
esaisd tubs. Afior 1 2 h at 1 40*0, the accent was evaporated in vacuo, 
the crude product triturated whh water, filtsrsd and rinsed with CH^C^ 
and ether to yield 3.11 g (66%) of 6 as a white aoiid. Rf 066 
(MaOKkGH^DQ 5:65); 1 H NMR (400 MHz. CDO,) S 1.61 (d. 6H, 
J o 6,6 Hz), 4.78 (sspt, 1 H, 6V6 Hz), 7.08 (d, 1 H. J - 8^ Hz). 7^6^-7^0 
(m, 1H), 7.64 (o\ 1H, 6\2Hz), 7.64 (a, 2H). a72 (a, 1H); ,a C NMR 

doi mhz. cocy 8 22^, 47.6, nao, 120.4, 120a, 129.9, 134.4, 

136 A 139,3,160.7, 1 635^ - 20 Hz), 167^(1^- 19Hz), 169.6; 
mass spectrum (Eli m/e 30B uWh HRMS csJc'd for rrj^H^CJRH^ 
306^)844, found: 305-0939; anaL cale'd for C^H^Cl* C, b5UQ\ H 
4^9; N, 22.91. Found: C. 55^35. H, 4^37, N. 23.1 a 

^•f t &h*)pfopyh2*ydroxyethylanvrHi)-6^ isoprepyh 
purine (60). Compound 8 d.66g, 5.1 mmoO. r^-)2-eniSnr>^i)athyil* 
butanol (659 pi, 6-1 mmoQ and dflscprepylamytarfwia (882 uJ, 

6.1 mmoD wars dtaaotved in n-butsnol (1 ml) in a sealed tube. After 
hsalrig the reaction mnoure for i2h at 140*0, Hie "-butanol was 
rernovsd rn vacuo and the crude product purified by column chro- 
matography (400 ml SiO, eluted with 99:1 CH a Oa*4eOH) to yield 

1.2 g (67%) of 60 aa a white aoDd. Rf 0.2 (MeOHzCHaCIa 6*5); *H 
NMR (600 MHz, CDCy 8 1M (d, AH, 2JQ t QJB Hz). 1^1 (d. 6K 2.0, 
8.8 Hz), 1.97-2.05 (m. 1H), fl.72--3.77 (m, 1H). 3.91-4.00 (m, 2H). 
4^3 (espL, 1H. 8.8 Hz). 5.06 (d. 1H, 7.8 Hz). 6.97-7.00 (m, 1H), 7^0 
(t. 3H. ai Hz), 742 (d, 1H r 7.9 Hz), 7.55 (a, 1H). aOO (s, 1 H). 8-03 (a, 
1 H); "C NMR (1 28 MHz. CQCtf 5 1B.9, 1 9A MA 3aa 4*5, 69^ t 

65.1. 114^, 117^ 118.8. 122A 129.8, 134\2, 136M. 140-6. 1608, 
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161.8, 150.7; mass opectrum (FA9+) m/e 389 (MH+); HRMS calc'd 
for (C^^NaOCOH*: 389.1867, found. 380.1666; anal calc'd for 
0,^^00: C. 58.66; H 6.46; N. 21.61; O, 0.13; O, 4,1 1. Found: 
C, 56.54; H, 6.61 ; N, 31 BB: a 9.1 0: 0. 3.66. 

£-^/©^iXN<Yme»>ytf.(3^ (ft). A 

solution of 5 (HOaig, CL36 mmoQ in dry DMF (1.6ml) was added 
dropwtae to a suspension of NeH (Iflmg, o.43 mmoi) in dry DMF 
(i mi). TMa mixture was stirred for 20 min at n. alter which a solution of 
methyl tocfde (36M^ O38minol) In DMF (0.6 ml) was added slowly. 
After stirring 12h, the DMF was removed in vacuo and the crude 
product purified by chromatography (200 ml SiO^ ehrted with 08:2 
CHaClaiMeOH) to yield 115 mo ol 6 (100%) as a white solid. Rf 0.61 
(MeOH:CH a a a 6:96); 'H NMR (COC^, 400 MHz) 6 1.47 (d. 6H. 
6^ Hz), 3.73 fe. 8H)/4.6S (sept, 1H.WH2). 7.16-7.38 (mi BH), 
7.63 (a. 1 Hh mass spectrum (FAB*) m/e 320 (MH+); HRMS calc'd for 
(CbH^NbOBH*: aao.1080. found. 320.1080. 

J2-ff R-i9oprt)pyf-2-hydmxy*thytef^^ (3-chtato- 
emiino) -O-isopropyipuHne (COMe). Procedure eame aa thai used to 
prepare compound 6a Rf0.28 (WeOHiCH^O, 5:99); 'HNMR 
(300 MHz, CDCy 60.89 (d. 6H, 6.8 Hz), 151 <d. 6K 6.6 Hi), 1.66 (br 
ft, 2H), 1JJ4 (sepL, 1H; aa rtt), 3*1-3.73 (m. 2H). 3.70 (a. 3H), 4.62 
(sept. 1H r 6.8 Hz), 4.83-4.B5 (m, 1H) t 7.10-7.38 (m, 4H). 7.49 (a. 1H): 
™C NMR (75 MHz, CDCy 5 19.0, 10A 22.4, 22.6. 30.0, 39.8, 46.1, 
58.8. 6U2, 115-8. 12A7, 126.1 x 127-1, 129.7, 134.1, 1343, 14S.9, 
162£ ( 164 A 159-3; mass spectrum (FAB 4 ) m/e 403 (MH+); HRMS 
calc'd for (C^H ^ 0 OCD H*: 40X2013, found, 40a20l 3. 

2-ftuor<r& (N*i ert-buftwyca rbonykSshlaroa nilino) m 9-i& op ropytpurm o 
(7). Compound 5 (169mg. 0£5ramoO, dr rerfbutyldioarbonatft 
(2l9mg, i.OmmoQ, ditaopjof^ethytainine (0,6ml, 4,6mmo0 and 
dmstrrylamirwpyridine (38 mg) were dissolved in THF (1 0 mO, After the 
reaction mixture was sorted at rt for 5 h, the Solvent was removed in 
vacuo and the crude product was purified by column chromatography 
(80 ml SiOj, edited with elhyt acotaie-hexflne gradient) to ytefd 1 76 mg 
(79%) of 7 sa a while solid Rf0.4 (EtOAcihexane 12); 1 H NMR 
(600 MHz, CDCy 6 1.47 (a, 9H), 1.63 (d, 6H, 7.0 Hx), 4.64 (m, 1 H), 
7.19-7-33 (m, 4H), 0.08 (S. iH); mass spectrum (FAB*) m/e 406.1 
(MH+); HRMS calc'd for (C^H^NgO^FeOH*: 406.1446, Found 
406.1437; anal, calc'd for C^^N^Q^Fa: C 60.23; H, 6.22; N, 
17.26. Found: C.6046; H. 6X7; N, 16.99. 

fl-/eop/opj^2"njtf/o^ 
dih^o^^^^opn^foiT^ (aj, To a stirring solution of 7 (108 mg, 
0.27 mmoO in DMSO (10 mO was added RH2-^no-3-rneUiyl-1-fautaTio) 
(202 mg, 1.63 mm oO and OEBoffrOpyteutyarnlne (1 ml, 6.7 mmoO. After 
nesting for 12 h at 80*C the DMSO was removed in vacuo with healing 
lo 70*0, and the crude product purified by chromatography (400 ml 
SK>* ekjtadwft ethyl aceiate4ie*ar« oyadient) to yield 88 mg (67%) of 
8 aa an oiL Rf 0\4 (EtOAcAexane 2:1); 'H NMR (600MHz. COCLJ 6 
0.95 Id. 3H, 7.0 Ha), 0,96 (o\ 3H. 7.0Hz). 1.47 (3, 9H), 1.67 (d, 3H 
7.0 Hd, 1JB8 (d. 3H. 7.0Hz). 1.94 (m. 1H). 3.44 (bs> 1H). 0.65 (rn, IH). 
3.75-3.77 On, 2H), 4.68 (m, 1H). 5.19 (d, 1H 8^) Hz). 7.21-7.31 <n% 
4H), 7.77 CS, 1H); maaa spectrum (FAM nVe 4$0.2 (MH^ HRMS 
calc'd for (C a4 H aa N 0 0 3 COH + : 489.2381 . found 460.2377. 

2-0 R-^propyh^imethyHBrt-bidylsiTytoj^mylAmino)- 6- (N-tert- 
butaxycarbonyf^^ioro&nflinoy-Q- (sopropyipunno (W. Compound 8 
(40 mg. O.061 mmoO, mrt^utykimetnyWIyl chloride (200 mg, 
133mmoJ) snd Wdazole OBOmg, 9^3minol) were cfi&sofved in THF 
(lOmO and stirred at n. After 24 h. a precipitate had developed which 
was removed by filtration. The solid byproduct was washed with THF. 
concentrated in vacuo and purified by preparative thjn Layer ehromatogrs- 
phy (20 x 20 cm, 0£ mm, ethyl ocotate-hetane 1:1) to give 33 mg (66%) 
of 9 ae an oiL RfO.7 0£hOAc:heicane 1 :1); ' H NMR (500 MHz, COCy 6 
-0.04 (a. 3H). (a, 3H). 0.H4 (s, OH), 088-092 (m, 8H), 1 -44 (a, 

9H). 1J65 (d, 3H, 7.0Hz), 1.68 W. 3H, 7.0 Hz), 1.97 (br, iH), 3^9 (m, 
1H), 3.70 (m, 1H), 3.82 (m, IH), 4,66 (m. 1H). 5.08 (d. 1H, a6Hz), 



7.16-750 (m, 4H), 7.73 (a, 1H); maaa spectrum (FAB*) m/e 603^ 
(MM*); HRMS calc'd for (C 10 H 47 N fl O a OSi)H+: 6035246, found 
603.3247; anal calc»d for C^/^CVSii C 69.73; H. 755; N, 13.83. 
Found: C 6953; K BM; r< 1357. 

2^-BBn^1R4&opfopyh2'hydroJtyethytamin^ 
isopfupyfpurine (301). To a solution of 0 (33 mg, OO65mmo0 in DMF 
(7 mO was added sequentlaty sodium hyoVfde (60% dfapemod In mineral 
oH, 04 mg, 2.4 mmoO, benzyl bromide (100 uJ, 0.84 mmcQ and tetrabuty- 
I ammonium iodide (68 mg, 0.18 mmo9 rf under nitrogen. The reaction 
mixture waa stirred for 1 7 h and then diluted with CV^Ct* (60 m0 and fl- 
tared through SIQ 2 (1 00 mO. The filtmle was concentratsd in vacuo, and 
hydrolyeed with p-tosjenesulfon'ic acid (30 mg) in a mixture of MeOH* 
CHgO, (1:1, 20 ml) at rt for 24K After removal of the eotvent the 
product waa purified using preparative thm layer chromatography 
(20x20cm, 05mm, ethyl scstats-hexano 2:1) to give 6 mg (19%) of 
301 as an oil. Rf 02 (EtOAc^exane 2:1); «H NMR (500 MHz, CDCy a 
057 (d. 3H, 65 Hz), 1.08 (d, 3K a6Hz), 1^6 (a, 6H), Z40 (m. 1H), 
a70 (m, IH). a88 (m. 2H), 457 (m. iH). 456 (brfl, 2H), 8.99 (br, 1H), 
7.12*756 (m, 10H); mass spectrum CFAB^) m/e 479.2 (MH+); HRMS 
oalCd for (C^H^OCOH*: 478^326, found 478^321. 

Supplementary material 

General synthetic method* and spectroscopic data for ail compouTufo 
included in the main text, aa well aa details of soGd-phaae synthesis of 
representative Iferary members and all biofogicej aaaaye (Unaee assays, 
cell culture, Cell viability essays, ceO-eyeia and apeptosls assays, flow 
cytometry and ceD-cycle analysis and irwnunocytochernlstry) are pub- 
llahed with the onTme vsmion of this paper. 
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